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Electronic  ■->  pacific  Heat  and  Saturation  Magnetization 
of  Cr-Fe  and  Ke-Co  Alloys* 


lm  berger 

Carnegie  Institute  of  Technology,  Pittsburgh  13,  Pennsylvania 


Abstract i  The  collective  model  of  ferrooynetlam  is  applied 

CjffiBBT 355.  flC 

to  various  models  for  the/pd  band  profile  of  bcc  alloys  of 
transition  net-ils.  In  the  fir~t  band  profile,  we  consider  a 
rectangular  sub-band  with  rounded  lower  and  up'vsr  edges, 
assuming  an  intra-atonic  exchange  integral  Just  large  enough 
to  produce  ferromagnetism.  The  low-temperature  specific  heat 
coefficient  ^  is  found  to  have  a  sharp  peak  at  the  electron 
concentration  whore  f erronugnetisn  starts  (almost  empty  sub- 
land),  and  a  doep  niniiaun  at  the  concentration  with  largest 
saturation  magnetization  (half- filled  sub-band).  This  agrees 
qualitatively  with  the  measurements  by  Cheng,  Wei,  and  Beck 
in  Cr-fe  and  Fe-Co  alloys.  The  agreement  becomes  quantitative 
if  a  second,  similar^ r.ouel  of  the  band  profile  is  sued  where 
the  density  of  states  inside  the  cub- band  is  not  constant  but 
drops  linearly  with  increasing  energy.  The  calculated  zero- 
temperature  saturation  iaognetizations  agree  veil  with  the 
blater-Pauling  curve  for  these  alloys.  In  a  third  model. 


*l.'ork  supported  in  part  by  the  Office  of  liaval  Research  and 
the  National  Science  Foundation. 
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the  sharp  peak  of  ^  is  not  u  simple  conaeruervce  of  the 
action  of  the  collective  model,  but  reflects  the  existence 
of  a  real  peak  in  the  assumed  band  profile,  Then  this  peak 
of  ^  is  predicted  to  happen  at  an  electron  concentration 
slightly  larger  than  the  one  at  which  ferronagnetiem  starts j 
this  ceems  to  oe  found  experimentally  in  the  Cr-Fe  series. 

The  calculated  saturation  ragnetizations  again  agree  vdth  the 
b later- Pauling  curve. 
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A  great  wealth  of  experinental  data  an  the  electronic  specific 
heat  of  body-centered  cubic  alloys  of  the  first  transition  series  is  now 
available,  due  to  the  vjork  of  Cheng,  wei,  and  Heck  and  of  other  authors  . 
This  fives  direct  information  about  the  profile  of  the  3d  bond,  at  least 
in  the  case  of  alloys  where  no  forronagnetic  spin  polarisation  is  present* 
The  purpose  of  the  present  work  is  to  investigate  theoretically 
the  offset  of  a  ferran.ipru.tic  spin  polarisation  on  the  low-temperature 
electronic  specific  heat  of  bcc  alloys  in  the  framework  of  the  collective 
approach  to  ferromagnetism,  assuming  various  models  of  tho  band  profile* 
Using  the  same  models,  we  also  compute  the  zero-temperature  saturation 
na<_ nctizutions  lor  these  series  of  alloys,  to  Le  compared  with  the  well- 
known  e  perinental  Slater- hauling  curve'"  .  The  present  work  should 
also  provide  a  general  picture  of  the  electronic  structure  of  the  ferro¬ 
magnetic  bcc  iron  alloys. 

It  is  by  comparing  the  predictions  of  the  collective  model  with 
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the  magnetization  data  that  Plater'  and  hauling  were  ahle  to  conclude 
that  a  region  of  low  density  of  states  should  exist  in  the  profile  near 
the  Ferri  level  of  chromiuii.  Unfortunately,  the  value  of  tho  magnetiza¬ 
tion  is  rather  insensitive  to  the  details  of  the  band  profile*  By 
combining  the  specific  heat  information  and  tho  magnetisation  information, 
we  will  see  that  a  more  detailed  picture  of  the  profile  nay  be  obtained* 

The  calculations  are  done  only  in  the  licdt  of  vanishing  tempera¬ 
ture,  as  we  think  that  the  collective  model  of  ferromagnetism,  in  its 
original  form,  is  not  ade<  uate  at  finite  temperatures* 
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THE  COLLECTIVE  MODEL  OF  FJKIfflHAGNETISM 

The  collective  model  of  ferrocene  tiara  has  boon  discussed  by 
U toner  and  by  L'ohlfarth^',,  Ue  vd.ll  use  a  notation  similar  to  that  of 

Wohlfarth^  Electrons  of  a  given  spin  orientation  have  a  density  of 
states  ),  where  f  is  trie  one-electron  energy,  The  function  \}(€) 

io  the  sane  for  both  spin  orientations,  and  is  independent  of  band  filling 
(rig-id  band  approximation) e  The  Fermi  level  for  eloctrons  of  spin  down 
is  called  end  tliat  for  olectrons  of  spin  up  is  €~qo*  An  exchange 

energy  -J  is  assui:<ud  between  any  two  electrons  of  the  r>ame  spin  orionta- 
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lion;  instead  of  J,  used  by  Lidiard  ,  b’ohlfarth  introduces  the  para¬ 
meter  defined  by  «■  NJ/2fc  ,  where  fcis  the  boltaiann  constant  and 
N  the  number  of  electrons  per  atom  in  the  Land,  The  energy  of  the  electron 


system  at  zero  temperature  is: 


-  je  v(e)  Ae  +  Je  yj%)  -  j-  N*  -  j  Nl 

-fiv(€)Je  +Je%)  J  e  -jbl*  +  JblJ3 


whore  Kj  and  *1^  are  respectively  the  number  of  electrons  with  spin  dot'd, 
and  with  spin  up* 


N  =  N,  +  N 


The  condition  for  on  extremal  value  of  the  total  energy  E, 
under  the  constraint  o 1  constant  number  of  eloctrona  H,  roay  be  written: 


Eq.  3  ie  the  basic  equation  of  the  collective  model  of  ferroragn*. 
tiam  in  the  case  of  zero  temperature*,  lor  a  tlven  value  of  N,  it  always 
has  the  paramagnetic  solution  €  ■“  ^  exceeds  the 

value  \)  *  1/J  at  the  paraciagn*  tic  Ferud  level,  the  paramagnetic 

solution  is  unstable,  and  Borne  ferrctoacrttic  solution  will  set  in,  with 
£  0i  ^  €”02*  call  the  "critical"  density  of  states„ 

If  V  (€:)  ^  V.  $  the  paramagnetic  solution  is  stable;  however,  a 
ferromagnetic  solution  nay  sometimes  still  exist  even  under  these  condi¬ 
tions,  as  will  be  mentioned  in  a  later  section* 

When  ^  Q1  and  ^  Q2  have  been  found  for  a  given  value  of  N, 
by  solving  Eq.  3,  the  values  of  Hj  and  N2  nay  bo  calculated  by  Eq.  2. 

Ihe  coefficient  Y  of  the  low-temperature  electronic  oolar 
^  IlC  if 

specific  boat  nay  be  calculated  too  * 

j=  f  kiN0(v(e0)  +  v(€°2))  u> 

where  NQ  la  Avogadro'e  number.  Ihis  equation  is  valid  only  when  T 
is  much  smaller  than  the  Curie  temperature* 
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The  zero»taaporature  saturation  rsagnetization  p,  expressed  in 
Uohr  nag  notons  per  atom,  is  given  by* 

(t  =  |  (X(€oi)  ~  *,N)  ( 


where  and  have  been  defined  by  Eq,  2,  and  where  g  is  the  £  factor 

17 

as  measured  by  ferromagnetic  resonance  • 

The  existence1^  of  spLn  waves  in  ferromagnetic  raatcrlals  and  the 
persistence^  of  permanent  magnetic  moments  above  the  Curie  point  of  iron 
and  nickel  imply  that  the  collective  model  of  ferromagnetism,  in  its 
original  fom^  t  does  not  describe  completely  the  thermal  excitations 
of  a  ferronagnet,  Therefore,  in  the  present  paper  we  will  limit  ourselves 
to  the  case  of  vanishing  temperature.  However,  this  does  not  imply  that 
all  results  of  the  theory  become  wrong  at  finite  temperature.  In  fact, 
we  will  see  later  that  the  zero-temperature  theory  does  not  roily  require 
spin  alignment  in  order  to  apply,  but  only  a  spontaneous  spin  polarisation, 
Some  of  its  results  for  ^  sight  be  valid  even  above  the  Curie  point 
of  a  ferrouagnet,  provided  disordered  uaments  are  still  present. 

We  know  also  that  the  collective  nodel  and  the  rigid  bind  approxi¬ 
mation  are  concerned  only  with  the  olectron  distribution  on  the  energy  scale. 
They  say  nothing  about  the  charge  density  or  spin  density  in  space,  there¬ 
fore,  we  can  fr edict  only  certain  properties,  like  the  specific  Ik- it  or 
the  bulk  magnetization. 

We  think  that,  provided  these  natural  limitations  of  the  collective 
picture  are  taken  into  account,  it  should  apply  as  well  to  iron  alloys  as 
to  nickel  alloys  j  at  vanishing  temperature,,  More  sophisticated  many-body 

method^ere  necessary  at  finite  temperature. 
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APPLICATION  TO  A  KK£?  ANGl'LAR  SUB-BAND  \1TH  BOUNDED  EDGES 
(FIRST  BAND  1'liOFlLF.) 

! 

j 

We  consider  a  rectangular  sub-band  vdth  rounded  edges  (Fig.  1). 

We  call  this  very  simple  model  the  first  bond  profile.  The  sut>band  is 
assumed  to  describe  roughly  the  upper  third  of  the  3d  band  of  bee  alloys, 
above  a  region  of  low  density  of  states  located  around  the  Feral  level  of 
chromium.  The  origin  of  the  energy  scale  corresponds  to  the  Fermi  level 
of  an  alloy  having  N  •»  5*3 

In  the  region  below  the  lower  edge  of  the  rectangular  sub-band, 
where  ferromagnetism  is  absent,  measurements  of  electronic  specific  heat' 
(on  V  alloys  arui  dilute  alloys  of  iron  in  chromium)  cive  directly 
the  values  of  y)(  €  ).  This  experimental  information  has  been  used  to 
draw  the  curve  of  Fig.  1  for  €  <  0.6  eV.  Similarly,  the  constant 
value  of  V?  C  €: )  drawn  above  the  top  of  the  3d  band  (  6  >  1.25  eV) 

has  been  chosen  in  such  a  way  as  to  reproduce  correctly  the  measured 

f21 

cc  )  copper  • 

Chromium  and  its  dilute  alloys  with  iron  are  known  to  have  some 

22 

kind  of  an  antiterror u;  netlc  cpin  polarisation  below  room  temperature  • 
because  of  this  conplic ition,  one  night  think  that  the  specific  hoat 
measurements  do  not  give  directly  the  band  profile  in  these  alloys. 
However,  measurements  of  specific  heat  in  boc  allays  of  the  second  or 
the  third  transition  series2^,  which  are  not  antiferronagnetic,  give  a 
very  band  profile  in  this  range;  in  particular,  there  is  a  leer 

density  of  states  at  the  Feral  level  vhen  N  ■  6  cl/dt.  V.'e  will  cos* 
pletely  ignore  the  presence  of  antiferronagnotiao  in  the  alloys  we 
consider  in  the  present  woriu 

! 

t 

* 
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The  shape  of  the  rectangular  sub-band  itself  (Fig.  1)  has  been 
chosen  arbitrarily*  however,  it  will  be  shown  to  laad,  when  combined  with 
Eq.  3  of  the  collective  model,  to  a  correct  prediction  of  the  main  features 
of  the  electronic  specific  heat  results  as  measured1  in  series  of  ferro¬ 
magnetic  Cr-Fe  and  Fe-Co  alloys,  and  to  give  values  of  the  saturation 
magnetisation  in  agreeiaent  vdth  the  measured  Plater- Pauline  curve  for  these 
alloys. 

We  have  solved  liq.  3  for  a  few  hundreds  of  values  of  the  electron 


concentration  N*  he  use  the  electronic  computer,  bendix  G-20,  at  the 


Carnegie  Institute  of  Technology*  he  have  obtained  for  each  value  of  N 
the  corresponding  values  of  Q1>  ^02*  N1*  N2*  auxi  thorefore  °*  ^ 
and  n;  they  are  given  by  Eq.  2,  Lc*  4*  bq,  5.  The  results  for  ^  and  p 
are  represented  by  the  solid  curves  of  Fig.  2,  in  the  case  where 
J  «  0*294  eVx  dt/ei  •  be  assume  g  “  2.094»  Which  is  the  experimental 
value  for  pure  iron*  1  'ihe  |  curve  merited  "paranagnet"  refers  to  the 
case  J  *=  0,  where  the  alloy  would  always  remain  a  Pauli  paramagnet* 

The  noct  striking  feature  of  the  theoretical  jj  curve  of  Fig*  2 
for  a  ferrooagnet  is  the  presence  of  a  sharp  peak  at  the  electron  con¬ 


centration  at  which  ferromagnetism  starts*  It  is  easy  to  understand  the 


piiysical  reason  for  the  existence  of  lids  peak*  If  ue  start  filling  the 
3d  band,  the  alloy  is  a  Faull  par  irugnet  at  first*  The  two  Fared  levels 
are  identical  and  contribute  equal  amounts  to  the  density  of  states* 
According  to  Eq,  4,  the  curve  for  ^  will  be  simply  an  image  of  the  bond 
profile,  and  will  rise  rapidly  when  the  rectangular  sub-band  starts  filling 
up  at  N  ■*  6*2  el /at  $  ooitss ponding  to  the  left  side  of  the  peak* 
However,  as  soon  as  the  critical  density  of  states  neoeseary  for  ferro¬ 
magnetism  is  reached,  tho  Fend  level  €  01  of  the  spin  do w  electrons 
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moves  rapid ly  sack  below  the  lower  edge  of  the  rectangular  3ub-bond*  there* 
by  reducing  drastically  its  contribution  to  the  density  of  states  of  the 
forromagnet.  Iho  value  of  ^  drops  therefore  rapidly  to  a  fraction  of  its 
nmxlnnjn)  value*  according  to  Eq.  4,  and  this  corresponds  to  the  sight  side 
of  the  peak* 

By  many  calculations  performed  with  different  values  of  J,  we 
have  found  that  the  jj  peak  is  especially  prominent  if  V  c  *  1/J  is 
only  slightly  smaller  than  the  naxliaun  density  of  states  reached  in  the 
rectangular  tub- band,  beoondly,  the  peak  is  sharp  only  if  the  lower  edge 
of  the  sub- bond  is  not  too  rounded  and  if  the  slope  at  the  edge  is  large 
enough.  However*  if  the  edge  is  rounded  only  very  little*  and  if  the  slope 
at  the  edge  is  too  high*  the  peak  may  ue  so  oharp  and  so  narrow  aa  to 
escape  detection.  It  vanishes  completely  in  the  case  of  an  exactly  rect¬ 
angular  band. 

A  similar  1*2  ak  of  J  exists  at  an  electron  concentration  corre¬ 
sponding  to  almost  complete  filling  of  the  rectangular  sub-bond  and  to  the 
end  of  the  fer magnetic  range.  It  plays  however  no  role  in  practice*  as 
no  bcc  alloy  ccdoto  in  the  first  transition  series  with  N  ^  6.8  el  /at  . 

Another  feature  of  the  theoretical  curve  of  Fig*  2  is  a  minimum 
for  H  «=  8.3  cl  /dfc  .  The  physical  reason  for  this  minimum  is  the  followings 
At  this  electron  concentration*  the  Fermi  level  £  01  i»  below  the  lower 
edge  of  the  sub-band,  while  the  Fermi  level  6  Qg  i®  above  the  upper  edge. 
Therefore*  the  contributions  of  both  Fond  levels  to  the  density  of  states 
are  very  small. 

Ue  discuss  now  the  solid  curve  for  the  theoretical  e  aturation 
magnetisation  p  in  Fig.  2.  It  is  isade  up  of  tw»  parts.  In  the  first  pert* 

p  increases  by  approximately  one  bohr  magneton  for  every  electron  added  to 
the  alloy.  The  physical  reason  is  that  the  Forrd  level  £  qj  of  epin 


6 


down  electrons  remains  stationary  below  the  lower  otic*  of  the  sub-band, 
while  Q2  rises  through  the  sub-band.  In  the  second  port  of  the  curve, 
corresponding  to  a  more  than  half-filled  sub-band,  |l  decreases  approxi¬ 
mately  by  one  bohr  magneton  for  every  electron  added  to  the  alloy,.  Here 
Cr  Q2  reejains  stationary  above  the  upper  edge,  vhile  €  qj  rises  through 
the  sub- band  .  The  two  linear  parts  of  the  carve  are  connected  by  a  rounded 
region.  Ms  notice  also,  at  the  left  end  of  the  p  curve,  a  rounded  part 
starting  with  a  vertical  (or  almost  vertical)  tangent. 

The  low-tesaperatv  i  electronic  specific  he.it  of  bcc  V-Cr,  Cr-I'e, 
and  Fe-Co  alloys  has  been  Measured  by  Cheng,  '.  ei,  and  beck.*  The  experi¬ 
mental  values  of  the  coefficient  ||  are  plotted  at.  a  function  of  electron 
concentration  in  Fig.  2  (see  the  bashed  curve). 

A  sharp  peak  it'  present  in  the  experimental  V  curve  at  N  ■■  6.4. 
This  value  is  close  to  that  at  uhich  f erromagnetien  o tarts.  Schroder^ 
has  measured  the  specific  heat  of  some  CrwFe  alloys  at  elevated  tempera¬ 
tures  (up  to  62D°K),  in  order  to  investigate  further  the  nature  of  this 
peak.  The  conclusion  is  that  the peak  is  really  electronic  in  nature,  and 
is  not  due  to  the  uq  nctic  anoealy  of  the  si«cific  hurt  oc curing  in  the 
neighborhood  of  the  Curie  point  of  a  f  error  agnet.  The  Curie  point,  though 
falling  very  rapidly,  is  in  fact  still  around  50°-60°K  in  this  range* 
that  is  nuch  higlicr  than  the  temperature  at  which  the  low-tor.pe.  aturo 
measurements  have  been  made.  As  the  curves  of  ,/T  versus  T2  are 
reasonably  linear  at  lour  temperature,  it  does  not  seem  tc  us  tit&t  super- 
paramagnetic  clustered  should  play  a  major  role  in  the  peak  either. 

We  see  in  Fig.  2  qualitative  agreement  between  the  experimental 
results  for  |  and  the  predictions  of  the  collective  picture  as  applied 
to  our  model  of  the  band.  The  t theoretical  curve  has  a  peak  of  the  sane 
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mfnitude  and  the  scute  location,  ?J  «=  6.4,  as  the  experimental  curve. 

The  only  discrepancy  between  theory  and  experiments  exists  in  the  ranee 
between  N  -  7  and  N  »  8,  where  theory  predicts  a  plateau  for  ^  j  this 
questic .  will  be  discussed  in  a  later  section. 

The  lew-t snipe  rature  saturation  narnetisation  of  bee  Cr-Fe  alloys 
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has  been  Treasured  by  Fallot  ,  and  by  Nevitt  and  Aldred  That  of 
bcc  Fe-Co  alloys  has  been  measured  by  eiss  and  Forrer*®.  These  data, 
conve  rted  to  Bohr  na^netonc  j>er  atom,  are  also  plotted  as  a  dashed  curve 

7-9 

in  Fit.  2.  They  constitute  a  part  of  the  so-called  Sinter*- Pauline  curve. 

We  eee  afuin  rather  food  apreenent  between  theory  and  experiment.  Ihe 
only  deecrepancy  takes  place  near  N  ®  6.2,  in  the  F®-Co  alloys  correspond¬ 
ing.  to  the  largest  values  of  p.  Ihe  roundinp  of  the  experliaental  curve  is 
larger  than  that  of  the  theoretical  curve. 

To  sum  up  what  lias  been  said  above,  accordinc  to  tills  first  model 
the  aliarp  peak  of  observed  at  K  •  6.4  in  Cr-Fe  alloys  is  of  an  electronic 
nature,  but  fives  only  a  very  distorted  irate  of  the  true  band  profile  in 
these  allays.  The  profile  has  no  sharp  sit ulari ties.  The  existence  of  the 
peak  is  rather  a  consequence  of  the  onset  of  ferreting netic  spin  polari¬ 
zation  in  a  rectanculnr  sub- band  with  somewhat  rounded  edres.  This  peak 
would  be  tsuch  less  prominent,  or  even  corapletely  absent,  in  bands  of  other 
shapes. 
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According  to  our  calculation,  the  Fermi  level  of  spin  down  electrons 
in  iron  (N  ■■  8)  is  located  below  tno  lower  edge  of  the  rectangular  sub-band. 
As  a  result,  the  density  of  states  at  the  Fert.ii  level  is  contributed  mostly 
by  spin  up  electrons,  in  qualitative  agresnent  with  contact  potential 
neasurarants  by  Wolmeley^.  This  point  will  be  discusaed  further  later. 

MODIFICATION  OF  THE  HBDTANGUA  R  CUB-BAND 

(SECOND  E.'d.'D  FiluFILE) 

lie  will  now  modify  the  rectangular  sub-band  of  Fig.  1,  in  order  to 
improve  the  agreement  with  ex;  erL.ental  ^  data.  This  second  band  profile 
is  shown  in  Fig.  3.  The  modification  keeps  unchanged  the  most  essential 
feature  of  the  profile,  namely  the  slight  rounding  of  the  edges  of  the  sub- 
band.  However,  U»  density  of  states,  instead  of  regaining  constant  inside 
the  sub-band,  now  decreases  linearly  vith  increasing  energy. 

It  becomes  then  necessary  to  assume  also  that  the  exchange  con¬ 
stant  J  increases  gradually  vith  electron  concentration.  Vie  assume  the 
following  relation! 


JCO 


1 _ 

2.35  -  0.77  (N-e) 


(6) 


This  specific  expression  is  cuch  that  the  density  of  states 

(of  one  spin  direction)  ^  (€0  Ferrd.  level  remains  always 

slightly  larger  than  the  critical  value  U  ■  1/J(N)  while  the  sub- 

C 

band  is  being  filled.  Otherwise,  ferromagnetism  would  soon  stop. 

We  have  solved  lq.  3  of  the  collective  model,  with  a  variable  J 
given  ty  Eq.  6  and  assuming  the  band  profile  of  Fig.  3.  The  results  are 
•town  in  Fig,  4,  Fig.  5*  and  Fig.  6.  »o  use  the  same  value  g  -  2.0V4 
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as  before.  These  results  are  very  similar  to  those  obtained  earlier  for 
the  firet  bond  profile  of  Fig,  '<  and  a  constant  value  of  J.  The  only 
difference  is  the  disappearance  of  the  plateau  of  ^  for  a  ferromagnet 
in  the  ranee  N  »  7  to  N  «  8  (conpare  Fig,  2  and  Fig,  4),  We  have  now 
reached  a  satisfactory  fit  of  the  theoretical  curves  to  the  experimental 
data  for  jj  and  p  (Fig,  4), 

We  see  that,  as  in  our  first  calculation,  the  sharp  peak  of 
and  the  subsequent  minimum  do  not  g ive  a  true  idea  of  the  3d  band  profile, 
llie  latter  is  in  fact  much  simpler  and  smoother  than  tho  jf  curve. 

The  motions  of  the  Per.  A  levels  during  the  filling  of  the  uub-Land 
are  represented  in  Fig,  5.  They  are  very  similar  to  those  taking  place 
in  the  case  of  the  first  band  profile,  which  were  discussed  earlier  but 
not  represented  graphically, 

STUDY  OF  A  SUB-BAND  EXHIBITING  A  PbAK 
(THIRD  BAND  PROFILE) 


In  the  two  previous  .xxiels  of  the  bond  profile,  the  tharp 
peak  was  due  to  t!«  action  of  the  collective  model  of  forronugnetisn, 
rather  than  to  some  ad  hoc  singularity  of  the  band  profile  itself,  which 
was  always  very  smooth.  We  shall  now  investigate  a  completely  different 
model  of  the  band  profile,  which  exhibits  a  sharp  peak  of  the  density  of 
states,  This  third  bond  profile  is  shown  in  Pig,  7, 

The  results  for  |  and  p  ,  as  calculated  with  the  collective 
model  of  ferromagnetism,  are  shown  in  Fig,  3,  V.e  have  assumed  a  variable 
value  of  J  given  by» 


J(N)  - 


2.2  -  0.5  (N-8) 


(7) 
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We  use  the  sane  v.ilue  g  m  2,094  as  before*  V.'e  reach  also  here 
£OOd  agreement  between  theory  ami  experiments  for  ferromagnetic  alloys, 
as  can  be  seen  in  Fig.  8* 

We  have  calculated  the  locations  of  the  two  Fermi  levels  (Fig*  9) , 
and  the  nunbere  and  Ng  of  electrons  of  each  spin  (Fig.  10). 

CHOICE  dJlKTlU  THE  VARIOUS  BAIJT  PROFILES 

Of  the  three  band  profiles  which  we  have  investigated,  the  first 

one  does  not  deserve  more  attention  as  it  is  only  in  qualitative  agreement 

with  the  experimental  data,  he  vdll  now  discuus  in  more  detail  the  results 

obtained  vdth  the  second  and  with  the  third  band  profile,  in  an  effort  to 

docixle  which  one  of  these  two  is  to  be  preferred* 

Our  band  profiles  my  be  compared  vdth  the  electronic  specific 
23 

heat  data  for  bcc  alloys  of  the  second  or  tiiird  transition  scries,  which 

are  not  ferromagnets  but  rather  Pauli  poramagneta.  These  data  should  give 

a  direct  idea  of  the  correct  band  profile.  No  sharp  peak  is  present  at 

6*4  in  ?:o  -Re  and  Ko-Tc  alloys.  Instead,  there  is  a  rounded  lower 

edge  very  similar  to  the  one  ve  have*  assumed  for  our  second  Lard  profile 

(Fig.  3l.  blmlarly,  measure  ients  oi  U:c  -u  per  conducting  transition  ten- 

perature  in  these  alloys  should  give  sort  idea  of  the  band  profile*  There 

is,  \  ain,  only  a  rounded  edge  and  a  flat  maximum,  but  no  sliarp  peak,  in 

boo  ho* Kg  and  W -luj  alloys  at  U  *»  6*4*  The  sane  flat  naximura  has 
27 

been  found  in  Cr-Re  alloys.  In  all  of  those  alloy  series,  the  bee 

range  extonds  only  up  to  approximately  N  •  6.5,  so  that  most  of  the  sub- 

bond  renal  no  out  of  sight. 

28 

Wood  has  recently  done  an  APW  band  calculation  for  bcc  para* 

magnetic  iron*  The  Wood  profile  has  been  calculated  in  more  detail  through 

29 

an  analytical  interpolation  procedure  by  Cornwell  and  l.ohlfarth  ;  it  has 


13 


tam  slnd.!.. titles  idth  cur  band  profiles,  in  particular  the  existence  of 
a  region  of  low  density  of  s  tates  near  the  Feral  level  of  chrordun,  but 
there  -ire  also  largo  differencec.  For  example,  the  width  of  the  part  of 
the  3d  band  located  above  the  Fen.il  level  of  chronium  is  at  least  2  eV 
in  the  case  of  the  Wood  profile,  and  only  1  eV  for  our  second  or  third 
profile*  Wood's  maximum  density  of  states  is  correspondingly  smaller  than 
ours,  so  much  that  it  cannot  account  for  the  |  values  observed  In  Cr-Fe 
alloys*  ibreover,  tlie  lower  edge  of  'bod's  sub-band  exhibits  a  more  coo- 

plicated  structure  than  the  experimental  V  data  seem  to  indicate* 

1  • 

Cheng,  Wei,  and  Deck  have  given  a  nod el  of  the  band  profile  de¬ 
rived  from  their  own  specific  heat  measurements  in  V -Or,  Cr-Fe,  and 
Fe-Co  alloy’s.  It  ic  vury  ainilar  to  our  third  band  profile.  However, 
as  their  analysis  of  the  data  docs  not  tales  explicitly  into  account  the 
exchange  splittings  and  their  variation  with  band  filling,  the  mininun  of 
H  present  for  N  ■■  8.3  appears  in  their  model  to  be  cauacU  by  a  corre¬ 
sponding  minimum  of  \)  (€),  while  it  is,  in  our  model,  a  direct  con¬ 
sequence  of  ferromagnetism. 

As  was  said  before,  a  sharp  ^  peak  has  been  observe *  ' 4  even 

above  the  Curie  points  of  Cr-Fo  alloys.  This  sees.*  at  first  to  exclude 

our  second  bond  profile  as  a  possible  one,  since  with  this  profile  the 

poak  would  be  duo  to  the  existence  of  ferromagnetism.  However,  a 

little  reflection  showo  that  a  spontaneous  spin  polarization  it>  required 

to  produce  the  peak,  but  not  necessarily  a  spin  alignment.  Pernanent 

19 

magnetic  moments  exist*''  in  iron  above  the  Curie  point,  but  are  disordered. 

30  31 

This  situation  can  be  described  by  bond  theory,  as  Herring  and  K.ittel  * 
have  shown,  if  a  direction  of  quantisation  of  the  spin  is  chosen  iJiieh  is 


H 


different  in  each  lattice  cell,  and  which  is  parallel  to  the  local  direction 
of  the  atonic  magnetic  nosaont  (direction  of  the  intra-atomic  exchance  field). 
Ihe  wave- function  of  a  "3 pin-up"  Iiloch  wave  is  chosen  in  such  a  ray  that  the 
spin  is  everywhere  parallel  to  the  local  quantization  direction.  The  "spin- 
down"  hloch  waves  are  defined  in  a  corresponding  manner.  These  Bloch  waves 
are  approximate  eigenfunctions  of  the  haniltonian,  provided  the  precession 
period  of  a  spin  in  the  local  exchange  field  is  smaller  than  the  time  of 
flight  of  an  electron  ovi  r  a  length  equal  to  the  range  of  the  short  range 
order  of  the  atonic  laorjents.  In  the  representation  of  these  Bloch  waves, 
the  description  of  the  ferromagnet  is  not  very  different  above  and  below  the 
Curie  point.  In  particular,  the  density  of  stateo  at  the  Femi  level  would 
not  change  appreciably.  The  Fen. A  level  of  spin-up  electrons  would  be 
different  from  that  of  spin-down  electrons  oven  above  the  Curie  point.  We 
do  not  know  how  good  tills  approximation  is  in  the  case  of  ferromagnetic 
Cr-Fe  alloys,  but  it  sug  eats  that  the  same  aechaniau  by  which  the  collective 


model  of  ferromagnetism  and  the  second  band  profile  lead  to  the  existence  of 


peak  at  low  teupent  ure  will  give  the  peak  even  above  the  Curie  point. 


if  di  corderod  permanent  r.cgrvtic  uor  gents  are  present. 


As  can  be  seen  in  Fig„  2  or  Fig.  1,  or  Fig.  8,  the  in  Jc  of  the 


experimental 


curve  is  located  at  a  slightly  higher  electron  concentra¬ 


tion  then  the  one  at  whioh  the  experimental  magnetization  curve  starts.  On 


the  contrary,  this  shift  seems  absent  in  the  theoretical  curvet  derived  from 
the  second  band  profile  (Fig.  4).  be  think,  however,  that  the  sliift  might 
have  been  present  in  theuu  curves  too,  if  we  had  modified  very  slightly  the 
band  profile  in  such  a  v.ay  as  to  have  the  concavity  turned  upwards  in  a  snail 
region  near  £  31  0.65  eV.  The  basic  idea  is  that  ferrocugnetism  may  start 

before  the  critical  density  of  states  is  reached,  provided  the  concavity  is 
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turned  upwards.  We  do  not  insist  on  this  point  in  the  present  paper,  as 
our  nunerictil  calculations  h  ive  not  been  done  './ith  enough  resolution  on 
the  electron  concentration  scale  to  permit  a  detailed  analysis  of  the 
phenomenon.  The  shift  may  also  be  due  to  another  cause,  which  is  discussed 
below. 

32  ^3 

High  temperature  :neasurements  of  magnetic  susceptibility  in 
dilute  alloys  of  iron  in  chromium  seem  to  indicate  the  existence  of  dis¬ 
ordered  permanent  riagnetic  lnouent:^  amounting  to  more  than  two  Bohr  magnetons 
on  each  iron  atom.  These  alloys  are  Curie  paramgnets  at  high  tej.^rature^ 

and  antiferroraagnets  below  room  temperature.  Linilar  paramagnetic  moments 
jL 

exist  on  iron  atotoa  dissolved  in  molybdenum,  homologate  of  chromium  in  the 
second  transition  series.  The  saturation  magnetisation  which  would  be 
observed  in  dilute  Cr^Fe  alloys  if  these  permanent  moments  could  be  entirely 
aligned  by  a  powerful  applied  field  ie  shown  by  a  dotted  straight  line  on 
Fig.  2.  This  epin  polarisation  is  probably  of  a  different  nature  than  the 
one  which  exists  in  ferromagnetic  Cr-Fe  alloys  at  higher  iron  concent  ion  and 
wrdch  gives  rise  to  tho  Clatcr-Pauling  curve.  It  cannot  be  described  within 
the  rigid  band  approodnvitioru  It  affects  the  localised  states  split  off  the 
bottom  of  the  rectangular  sub-band  by  the  potential  of  the  iron  impurities^*, 
and  not  the  sub-bond  itself.  Because  of  a  lack  of  experimental  data,  it  is 
not  yet  clear  ha;  the  dotted  magnetization  curve  of  the  dilute  paramagnetic 
alloys  is  to  be  connected  continuously  to  the  solid  magnetization  curve  of 
the  ferromagnetic  alloys  (Fig.  2).  This  introduces  additional  uncertainty 


into  the  shape  of  tho  left  end  of  the  ;  later-PaulinG  curve.  According  to 
theory^  these  localised  states  should  vanish  when  the  density  of  states 


becomee  large,  that  is  when  N  ^  6.5.  It  is  ruite  possible  that  the  presenoe 
of  these  magnetic  localized  states  is  tho  reason  why  ferromagnetism  starts 
slightly  before  the  sharp 


peak,  in  the  Cr-Fo  scries. 
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Uhen  the  third  band  profile  is  used,  a  shift,  is  obtained  auto¬ 
matically  in  the  thoorotical  results  for  ^  and  p  (Fie.  3)«  %  The  eipn 
of  the  shift  is  the  sane  as  in  the  case  of  the  exporiraBntal  data® 

As  a  conclusion,  a  part  of  the  available  evidence  favors  the  second 
banc  profile,  and  another  port  the  third  band  profile,  and  it  doos  not  seen 
possible  at  the  present  tine  to  choose  between  then.  This  is  the  reason 
y/hy  we  have  investigated  both  of  then  in  detail*  he  shall  discuss  in  the 
next  section  sone  other  evidence  about  tills  question,  derived  from  the  con¬ 
sideration  of  the  V-fe  alloys  and  of  the  'ii-Go-Fe  alloys. 

It  is  our  opinion  that  our  Lone  profiles  ‘ire  the  only  ones  com¬ 
patible  with  tlie  specific  heat  and  m^nutizatlon  data,  in  tlio  sense  that 
the  reax  uuvl  iroiiie  ior  the~e  alloys  should  be  close  to  cither  our  second 
or  our  third  Land  profile,  or  lie  somewhere  in  between. 


PROP.JalLj  01'  OTHER  ALLOTS 
LEIITA1I0NL  CF  THE.  PREbbNT  1HCRY 

It  is  known"^*"^  that  the  rifid  band  approxination,  on  which  the 

collective  model  of  lerroruenctisn  ro3ts,  is  valid  when  the  valences  of  the 

two  continents  of  the  alloy  differ  by  only  one  or  two.  Therefore,  we  con 

use  it  on  Cr-Fe  and  Fo-Go  alloys.  It  iai^  ht  up’ly  also  to  a  lesser  extent  to 

the  V-Fo  alloys,  ior  which  t-ipnetizatlon  J  and  specific  data  exiut.  It  is 

not  expected,  a  priori,  to  work  well  on  the  Ti-Co-Fe  alloys,  for  which  ex- 

3 

perlmsntal  data  exist  too  ,  as  the  valance  difference  is  too  IdLfh. 

Another  factor  is  tlte  value  of  J.  The  intra-atomic  exchance  intefral 
is  not  expected  to  obey  a  riyid  banc*  Model,  but  tether  to  depend  on  an  averse® 
of  t)»  local  properties  of  atorjj  of  the  alloy.  In  particular,  it  is  somewhat 
doubtful  that  J  would  bo  lur,  e  enough  to  cause  lerronapictiuw  in  Cr-Mn  alloys. 
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coefficient  should  follow  the  curve 


*hen,  according  io  our  theory,  the  ^ 

labeled  ,,puralnal,:net,,  in  Fi£.  4  or  Fi £,  8,  rather  than  the  curve  labeled 
"ferronaynet",  Ihe  axicri/.iental  values^  of  ||  in  the  bcc  Cr»Mn  series 
oeem  effectively  to  rioe  considerably  around  I<  ■■  6,2  without  fallinc  at 
larger  values  of  N,  in  acreeoont  with  our  theory,  However,  the  ranee  of 
those  bcc  alloyu  slope  near  N  «  6,5>  ao  that  much  uncertainty  reruins » 

Tho  present  thoory  should  apply  to  the  bcc  Fe-Ni  alloys.  However, 


no  o;ix;ri:jental  data  on 


II 


are  available. 


In  the  case  of  the  V-Fe  alloys,  a  sharp 


If 


peak  is  observed  at 


h  **  5,9  instead  of  6,4,  It  is  reuarkable  tbit  ferrou\  netisn  also  t  rts  at 
*•  “  5,9  in  tliat  serios^.  This  tends  to  show  tlut  the  existence  of  the 


peak  is  connected  *o  the  ferromagnetism,  and  favors  our  second  nod  cl. 


o 

A  larpe  peak  of  ^  exists  at  H  ■>  6,4  in  ordered  H-Fe-Co  alloys  » 

.  ven  thou,  h  the  ripici  land  ap<  amir  .at  ion  is  not  expected  to  apply  very  well 

to  Uieue  alloys,  the  i>eak  is  probably  due  to  the  uauno  cause  as  in  the  case 

37 

of  the  Cr-Fe  alloys,  l.cvitt  has  not  found  any  measurable  magnetization 
in  ordered  liCo(f>«6,5)  at  7°1'.  Neutron  diffraction^®  failed  to  shov.  any 


ordered  nionents  in  HCo  at  4°i4  Ihcsc  facts  seen  to  show  th.t  the  |  peak 
is  not  atiiociated  with  t  ie  tw^inninc  of  a  f  eritx  ret; ion,  Therefore 

the  second  of  our  bond  profiler  seera  at  first  to  sc  ruled  out.  However,  it 
cannot  be  excluded  that  the  alloys  niyh;  have  very  low  Curie  points,  l.’e 
repeat  he.e  that  tho  aecorxl  bind  profile  does  not  really  require  forrooa^netio 
alienraont  above  f»  “  6,4  in  order  to  ;  ive  the  ^  peak,  but  only  the  existence 
of  permanent  atonic  naynotic  laowsnt-f*  due  to  the  pol.irizat.ion  of  the  3d  band, 
!ioreever,  accordinc  to  our  theoretical  curve  based  on  the  second  profile 
(Kl£,  4),  the  average  atonic  ruac  no  tic  moments  would  not  be  larger  than  0,3 
dohr  nacnoton  per  atom  in  this  ropion,  co  that  they  ilfht  be  difficult  to 
detect  by  neutron  diffraction  even  if  they  were  oruersd. 


A  limitation  of  the  present  theory  is  the  fact  that,  as  said 


earlier,  we  completely  neglect  the  antifarraaagnetian  of  the  non-ferro¬ 
magnetic  Cr-Fe  alloys.  This  antiferronagnetiam  consists  probably  of  a 
"spin  density  wave"  or  of  a  spiral  structure,  of  the  type  attested  by 
Overhaueerg^.  Such  a  magnetic  structure  cannot  be  described  by  a  simple 
ehlitof  the  Fenai  level  of  spirv-up  electrons  with  respect  to  the  one  for 
spin-down  electrons.  The  exchancc  potential  set  up  by  the  upin  density 
itself  mixes  strongly  together  various  Bloch  tfaves  of  energy  close  to  the 
Fermi  level. 

A  cusp  is  present  in  the  experi:.,ental  ^  curve  at  pure  iron 
(Fig.  2,  or  Fig.  4,  or  Fig.  8).  Diiui^ar  cusps  exist  in  the  case  of  other 
pur  metals^.  They  cannot  be  explained  by  the  rigid  band  model,  and  we  do 
not  pay  further  attention  to  then  in  the  .are sent  work. 

As  noted  earlier,  our  theory  predicts  that  most  of  the  electrons 
present  at  the  Ferni  level  of  iron  liave  spin  up.  We  find  p  »  0.60  for 
the  second  band  profile  (see  Fig.  5)  and  p  »  0.53  far  the  third  one 
(see  Fig.  9),  shore  p  -  V  (  /  V*  ( ^02)  +  V?(  €j|>» 

Vblmsloy^  finds  experimentally  p  •  1,  so  that  the  agreement  is  not 
cuantitative. 


CONCLUSIONS 


!/e  have  found  that  two  different  models  of  the  hand  profile  can 
account  in  a  satisfactory  way  for  the  electronic  specific  heat  and  magneti¬ 
sation  data  in  Cr-Fs  and  Fo-Co  alloys  in  the  limit  of  vanishing  temperature. 
In  particular,  both  of  then  predict  oorrectly  the  presence  of  a  sharp  peak 
of  the  electronic  specific  heat  si  «n  electron  concentration  close  to  that 
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where  ferrocttcnetiam  atartso  In  the  case  of  one  of  these  nodolo,  the  sharp 
peak  is  not  caused  by  any  singularity  of  the  profile*  tut  rather  by  the 
motions  of  the  Fenai  levels  for  electrons  of  both  spine.  These  motions  have 
been  investigated  vdth  the  help  of  the  collective  model  of  ferromagnetism. 

It  is  not  possible  at  the  present  time  to  decide  which  of  these  models  is 
the  correct  one. 
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CAPTIONS  FQIi  FIGURES 


FIG.  1. 


FIG,  2. 


FIC.  3. 


FIG.  4. 


First  model  far  the  upper  third  of  the  3d  band  of  bee  alloys 
of  the  first  transition  scries.  The  horizontal  line  indicates 
the  value  of  the  "critical"  density  of  states  U.  above  which 
f erreuat  netisra  sets  in,  assuming  J  -  0.294  eV.  at  at. /el. 

‘Jesuits  of  the  application  of  the  collective  raodel  of  ferro- 
nagnetisn  to  the  band  profile  of  Fig.  1  (first  band  profile). 

The  coefficient  ^  of  the  low-temperature  electronic  specific 
heat,  ano  the  zero-temperature  saturation  p,  are  plotted  as  a 
function  of  electron  concentration,  assuming  the  constant  value 
J  **  0.294  oV.  x  at./el.  The  dashed  curves  represent  the  corre¬ 
sponding  experimental  data  lor  V-Cr,  Cr-Fe,  and  FoCo  alloys. 
The  dotted  line  represents  the  saturation  magnetisation  of 
localized  states  split  off  the  lower  edge  of  the  sub-band,  as 
deduced  frou  susceptibility  ; measurements  on  paramagnetic 
Cr-Fe  alloyB, 


Second  nodcl  of  the  band  ; profile  for  the  upi»r  third  of  the 
3d  band  of  bcc  alloyB  of  the  first  transition  series.  Compare 
with  Fig.  1. 


Results  of  the  application  of  the  collective  raodel  of  ferro¬ 
magnetism  to  the  band  profile  of  Fig.  3  (second  band  profile). 


The  coefficient 


i  - 


the  low- temperature  electronic  specific 


heat,  and  th*  zero- temperature  saturation  magnetization  p,  are 


CAPTIONL  FOR  FIGURES— -Corrt* 


FIG.  5. 


FIG.  6. 


FIG.  7. 


FIG.  8. 


plotted  as  a  function  of  electron  concentration,  assuming  a 
variable  value  of  J  given  by  Go.  6.  As  in  Fig.  2,  the  dashed 
curves  represent  the  corresponding  experimental  data  for 
V-Cr,  Cr-Fe,  and  >a-Co  alloys. 

Fend,  level  °f  spirwiewn  electrons,  a«u  Fermi  level 

€z.q2  8P^-ri~uP  electrons,  according  to  the  collective 
model  of  ferromgnetianu  The  second  band  profile  is  used,  aj>d 
J  is  assumed  to  vary  according  to  Eq.  6.  The  Feml  level 
^  «  £q2  of  a  Pauli  poramagnet  is  also  ropreeented. 

Number  of  spin-down  electrons,  and  number  of  spin* 
up  electrons,  according  to  the  collective  model  of  ferro~ 
magnetism.  The  second  bond  profile  iu  used,  and  J  is  assumed 
to  vary  according  to  Eq.  6.  The  number  **  for  a  Pauli 
paramagnet  is  also  represented. 

Third  model  of  the  band  profile  for  the  upper  third  of  the 
3d  band  of  bcc  alloys  of  the  first  transition  r cries.  Compare 
with  Fig.  1  and  Fig.  3. 

Results  of  the  application  of  the  collective  model  of  ferro¬ 
magnetism  to  the  kind  profile  of  Fig.  7  (third  band  profile). 

The  coefficient  ^  of  tiie  low-temperature  electronic  specific 
heat,  and  the  zero- temperature  saturation  magnetization  m  , 


CAPTIONS  FOR  FIGURES— Cent. 

are  plotted  as  a  function  of  electron  concentration,  assuming 
a  variable  value  of  J  given  by  Lq.  7.  As  in  Fig.  2  and  Fig.  k, 
the  dashed  curves  represent  the  corresponding  experimental  data 
for  V-Cr,  Cr-Fe,  and  Fe-Co  alloys. 

FIG.  9.  Fond,  levels  and  ,  in  the  cose  of  the  third 

band  profile.  J  is  given  by  Ec.  7.  The  Fermi  level  €r01  "  G:q2 

« 

of  a  Pauli  paramagnet  is  also  represented. 

TIG.  10.  Values  of  Nj  and  H2,  in  the  case  of  the  third  band  profile. 

J  is  given  by  Eq.  7.  The  value  of  N.  ■» 
magnet  is  also  represented. 


N2  for  a  Pau^i  pars* 


deg.2  x  mole 
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